Sucrose phosphate synthase (SPS) is believed to be the key enzyme for controlling the biosynthesis of sucrose. SPSs consist of a functional glycosyltransferase domain that shares conserved residues with the glycosyltransferase domain of sucrose biosynthesisrelated protein. The formation of sucrose-6-phosphate is catalyzed by SPS with the transfer of a glycosyl group of uridine diphosphate glucose (UDP-G) as an activated donor sugar to a fructose-6-phosphate as a sugar acceptor. However, understanding of the mechanism of catalytic and substrate binding in SPS is very limited. Based on amino acid sequence alignments with several enzymes that belong to the glycosyltransferase family, the UDP-G binding sites that might be critical for catalytic mechanism were identified. Here, we report that single point mutation of R496, D498, and V570 located in the proposed UDP-G binding site led to less active or complete loss of enzyme activity. Through structure-based site-directed mutagenesis and biochemical studies, the results indicated that these residues contribute to the catalytic activity of plant SPS. Moreover, understanding of the UDP-G binding site provides an insight into new strategies for enzyme engineering and redesigning a catalytic mechanism for UDP.
Introduction
Sucrose is synthesized in cytosol and is the main form of transporting photosynthesis products throughout plant cells (Gifford et al. 1984) . Sucrose occupies many significant roles for plant cell metabolism, including cyanobacteria and unicellular algae. The biochemical and molecular studies reported on sucrose biosynthesis in prokaryotic offer new insights into the origin of sucrose metabolism (Lunn and MacRae 2003; Salerno and Curatti 2003) .
One of the key enzymes to catalyze the first step of the sucrose synthesis pathway is sucrose phosphate synthase (SPS; EC 2.4.1.14). Plant SPS has a molecular size of approximately 120 kDa which consists of three domains, including a glycosyltransferase domain that regulates the catalytic function of SPS (Castleden et al. 2004) . In contrast, recombinant sugarcane SPS (SoSPS1) expression in Escherichia coli mostly appears to be a shorter form (100 kDa) with retained enzyme activity, and the shorter form was predicted to have a truncated N-terminal 20-kDa region. It has recently been revealed that the expression of N-terminal truncated form (ΔN-SPS) tends to increase the specific activity 10-fold compared to full-length SPS. In our previous results, we reported that the regulation of the N-terminal domain might function as a suppressor domain for plant SPS activity (Sawitri et al. 2016) . The crystal structure of nonphotosynthetic bacterial SPS has been solved with different characteristics compared to plant SPS. The lack of Nterminal and C-terminal domains of plant SPS are shown in Halothermothrix orenii SPS. Therefore, the structure of bacterial SPS contains only a glycosyltransferase domain for substrate binding and catalytic reaction (Salerno and Curatti 2003; Chua et al. 2008) . However, the precise regulatory function of SPS in plants still remains unclear since there is no crystal structure of plant SPS.
In this study, we report the identification of substratebinding sites for uridine diphosphate glucose (UDP-G) as a sugar donor at the glycosyltransferase domain of recombinant SoSPS1. As noted above, SoSPS1 has been used in a previous study for elucidating SPS regulation in sugarcane. The expression of SoSPS1 is actively regulated in the photosynthetic tissue and representative for the sucrose biosynthesis enzyme (Sugiharto et al. 1997) . The knowledge of substrate binding sites would provide an important insight into the catalytic mechanism of SPS in plants. Moreover, it is interesting to determine the regulation of plant SPS involved in carbon partitioning which is a critical process in distributing chemical energy converted through photosynthesis.
Diphosphate moiety binding of UDP to SoSPS1
The enzymes responsible for regulation in sucrose metabolism are grouped into sucrose-biosynthesis-related proteins (SBRPs), and the conserved domain of glycosyltransferase has been determined in SPS and sucrose synthase (SuSy) (Pontis 1978; Cumino et al. 2002; Salerno and Curatti 2003) . Other enzymes that are involved in the synthesis of polysaccharides are likewise members of glycosyltransferase, such as glycogen synthase (GS) and starch synthase (Coutinho et al. 2003; Sheng et al. 2009 ). The glycosyltransferases are generally utilizing sugar moiety from activated nucleotide sugar as a donor to promote enzymatic reaction (Breton and Imberty 1999; Tarbouriech et al. 2001) .
SPS catalyzes the synthesis of sucrose-6-phosphate (S6P) from UDP-G and fructose-6-phosphate (F6P) (Leloir and Cardini 1955; Amir and Preiss 1982; Huber and Huber 1996) . The specific substrate for plant SPS is UDP-G, whereas the substrate for bacterial SPS is not specific for UDP-G. Unlike plant SPS, bacterial SPS is able to bind other nucleoside diphosphate glucose (NDP-G), such as adenosine diphosphate glucose (ADP-G) (Lunn et al. 1999; Chua et al. 2008) . In spite of the fact that many glycosyltransferase enzymes recognize similar substrates, the amino acid sequences between different families have diverged (Ünligil and Rini 2000; Imberty et al. 2006) . Thus, identifying the binding sites for UDP-G is necessary to elucidate the mechanism of enzyme regulation in plant SPS.
It has been reported that SPS, SuSy, and GS share a close similarity with the glycosyltransferase domain andthe stereochemistry of their substrates, such as UDP-G (Chua et al. 2008; Baskaran et al. 2010; Zheng et al. 2011; Wu et al. 2015) . However, the amino acid sequence alignment with conserved residues among SPS, SuSy, and GS has not been well reported (Diricks et al. 2015) .
The deduced sequences of SoSPS1 and other representative enzymes of glycosyltransferases were aligned using ClustalW2 and compared to identify the predicted NDP binding pocket. The sequences were: sugarcane SPS (SoSPS1, GenBank ID: BAA19242.1), H. orenii SPS (HoSPS, GenBank ID: ACB11221.1), Arabidopsis thaliana SuSy (AtSuSy, GenBank ID: NP_197583.1), Nitrosomonas europaea SuSy (NeSuSy, GenBank ID: CAD85125.1), and Escherichia coli GS (EcGS, GenBank ID: EDU64330.1). The comparison of the SoSPS1 sequence alignment with its homologs is shown in Fig. 1a . There are three critical residues, R496, K501, and E591, in SoSPS1 (corresponding to R580, K585, and E675 in AtSuSy; R567, K572, and E663 in NeSuSy; R300, K305, and E377 in GS) (Fig. 1a) . In previous studies, it has been reported that these critical residues may lead the conformational changes of enzyme architecture. The structure of N. europaea sucrose synthase (PDB ID: 4RBN), has proven that these three residues, Arg, Lys, and Glu, have a large effect on its catalytic and conformational change (Wu et al. 2015) .
The above-mentioned highly conserved glycosyltransferases have been identified at R496 in SoSPS1. These conserved Arg residues are essential for interaction between enzyme and substrate UDP-G, notably the diphosphate moiety. The multiple sequence alignment in Fig. 1a shows that plant SuSy is significantly more similar to bacterial SuSy and SPS compared to glycogen synthase. To date, the crystal structure of sucrose synthase from A. thaliana (PDB ID: 3S28) in complex with product UDP-G has been solved and the diphosphate group of UDP-G showed to interact with residue R580 (Zheng et al. 2011) . Interestingly, the residue D582 in AtSuSy exhibits a salt bridge interaction with R580 and K585 (Fig. 1b) . Asp residue (D582 in AtSuSy) is not directly involved in the catalytic process, but D582 appears to stabilize R580 and K585 for binding its substrate. Therefore, R496, K501, and D498 in SoSPS1 might have a crucial contribution to interact with the pyrophosphate group of UDP-G.
In this present work, structure-based site-direct mutagenesis is demonstrated to confirm experimentally the involvement of any residues in UDP-G binding sites of plant SPS. The point mutation was specified as S495A, R496A, P497A, D498A, R496K and D498E for the diphosphate moiety and V570A for the uridine moiety. The QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies, USA) was utilized to introduce specific point mutations in the wildtype ΔN-SoSPS1 as previously described (Sawitri et al. 2016) . In order to obtain biochemical characteristics, the wild-type and mutants were expressed into E. coli BL21 (DE3) using expression vector pTrcHisA (Life Technologies, Invitrogen, USA) and the expressions of wild-type and mutants were monitored by immunoblotting analysis using polyclonal antibody against the SPS protein. As shown in Fig. 2a , the bands of wild-type and mutants with apparent molecular size around 100 kDa were detected as expected. The yield of recombinant production was similar for all expressed proteins, indicating that wild-type and mutants were expressed in E. coli BL21 (DE3) cells. The sequential purification of wild-type and mutated proteins were carried out by DE52 anion exchange cellulose (Whatman, UK) and affinity system Complete His-Tag Purification Resin (Roche, Switzerland). The protein in the fraction obtained during the purification steps was monitored using sodium dodecyl sulfate polyacrylamide-gel electrophoresis (SDS-PAGE) as described by Laemmli (1970) and Coomassie Brilliant Blue staining as shown in Fig. 2b . Afterwards, the eluted samples were concentrated in 10 K Amicon Ultra Centrifugal Filter (Merck Millipore, Ireland) and the purified samples were further assayed for biochemical analysis to characterize the identified residues.
In this report, alanine-scanning mutagenesis has been applied to investigate the predicted substrate-binding site in SoSPS1 by comparing the enzyme activity of wild-type and mutants (S495A, R496A, P497A, and D498A). SPS activity as previously described (Huber et al. 1985; Sawitri et al. 2016) was measured in the presence of substrate UDP-G and F6P at saturating concentrations (20 mM). As shown in Fig. 2c , enzyme activity of mutant P497A was comparable with wildtype. As expected, residue Pro at 497 is not involved in catalytic activity and does not induce conformational changes in SPS structure. Conversely, single mutation of S495 significantly altered activity of the enzyme. The residue Ser495-Arg496, which corresponds to Ser269-Arg270 in HoSPS, has been suggested to contribute a hydrogen-bonding interaction between Ser and Arg (Fig. 1c) . If Ser at S495 is replaced with Ala, it adopts the sequence conserved in SuSy and the SPS activity was remarkably increased compared to wild-type ΔN- a Fig. 1 Comparison of residues in glycosyltransferases group. a Multiple sequence alignment of SPS in sugarcane (SoSPS1), SPS in nonphotosynthetic bacterial H. orenii (HoSPS), sucrose synthase in A. thaliana (AtSuSy), sucrose synthase in bacteria N. europaea (NeSuSy), and glycogen synthase from E. coli (EcGS). The three highly conserved and critical residues that consist of arginine, lysine, and glutamic acid are shown in red. The residues that are predicted to be involved in nucleotide sugar interaction is shown in blue. b The UDP binding site residues at positions corresponding to Arg-580, Asp-582, Lys-585, and Glu-675 for diphosphate moiety binding and Gln-648 and Asn-654 for uridine moiety binding of A. thaliana sucrose synthase (PDB ID: 3S28). c Predicted interaction hydrogen bonding between Ser-269 and Arg-270 in bacterial SPS (PDB ID: 2R60) predicted that this effect might be attributed to the loss of the intramolecular hydrogen bond. Replacement of Ala at R496 results in complete loss of enzyme activity (Fig. 2c) . These results were in good agreement with the previously mentioned mutagenic replacement at position R496 (corresponding to R580 in AtSuSy; R567 in NeSuSy; R300 in GS) emphasizing the critical role of catalytic regulation in plant SPS. Moreover, mutation at D498 displayed a tendency to be less active compared to the wild-type enzyme (Fig. 2c) . The obtained result provides evidence that D498 stabilizes R496 to interact with UDP-G through hydrogen bond interaction. On the other hand, we conducted further mutational analysis on these two charged residues to examine another possible role of R496 and D498 by replacing each with Lys and Glu, respectively. We previously presumed that the salt bridge interaction between Arg as positively charged residue and Asp as negatively charged residue could be substituted to other potential salt bridge partners such as Lys and Glu. However, single mutation of R496K and D498E reveals an unexpected influence of these mutations without retaining the enzymatic activity (data not shown). The reason of these results is not yet clearly understood, but previous reports have suggested that these side chains play important roles to establish the structure of the enzymatic transition state and cannot be substituted to other residues by mutagenesis (Lairson et al. 2008; Wu et al. 2015) .
The similarity of conserved motifs among SPS and SuSy suggest a possible regulation for the UDP binding mechanism. The interplay between R580 and D582 in AtSuSy is stronger than the interaction of Lys-Asp or Arg-Glu. The role of Asp is to maintain the mode of the UDP binding region through salt bridge interaction with Arg and to be considered as capable of binding substrate UDP-G. Thus, the predicted interaction Site-directed mutagenesis and expression of recombinant SoSPS1 in E. coli. a The resulting SPS mutation at glycosyltransferase domain was transformed into E. coli overnight and the total cell proteins were detected by western blotting using antibodies against polypeptide of SPS. b The affinity purification of His-tagged ΔN-SoSPS1 as monitored by SDS-PAGE and Coomassie blue staining. Lane 1 The eluted sample from DE52 anion exchange cellulose. Lanes 2-5 Washing steps of affinity His-tag purification with increasing concentration of imidazole 0 and 20 mM. Lanes 6-10 The fraction of samples eluted successively with the buffer containing 100 mM imidazole. Lanes 11-12 The purified SPSs were concentrated and exchanged to buffer composed of 50 mM Tris-HCl, pH 7.5 and 150 mM NaCl. Lane 13: Protein molecular marker (Biorad-Dual Color Standards). c Activity of SPS mutants (S495A, R496A, P497A, and D498A) compared to wild-type ΔN-SoSPS1 and vector pTrcHis as a control. Arrows represent the targeted proteins between residues in SoSPS1 and UDP-G notably with the diphosphate moiety has been experimentally proven (Fig.  2c) . However, our present work does not report the kinetic properties comparison between wild-type and each mutant due to the fact that some mutated SPSs become inactive.
Substrate preference for the uridine moiety of UDP in SoSPS1
The characterization of residues that are responsible for binding substrate preference is apparently necessary. Nucleotide binding at the glycosyltransferase domain has been identified in sucrose synthase (Zheng et al. 2011; Wu et al. 2015) and glycogen synthase (Sheng et al. 2009 ) from X-ray crystal structure analysis. The crystal structure of bacterial SPS (HoSPS) with the substrate F6P and the product S6P have been solved. However, the HoSPS structure and its complex with the substrate UDP-G could not be obtained. Thus, the predicted residues which bind to UDP-G was generated by computational docking, and residue Leu at position 342 in HoSPS was reported as a nucleotide-binding residue (Chua et al. 2008) . The structural analysis of glycogen synthase from E. coli revealed that the residues Y355 and H356 interact with the ADP moiety. The role of residue Y355 is to stack the adenine ring, and adenine accepts a hydrogen bond from H356 (Sheng et al. 2009 ). Based on the crystal structure of AtSuSy with the UDP-G complex, the overlap structure comparison of AtSuSy and NeSuSy could be observed. The residues that interact with the phosphate and ribose moieties are well conserved, but those interacting with nucleotide are not (Zheng et al. 2011; Wu et al. 2015; Diricks et al. 2015) . Kinetic parameters of sucrose synthase from A. thaliana and N. europaea displays different substrate preferences between UDP and ADP, respectively. Likewise, plant SPS shows substrate specificity to UDP-G, whereas the HoSPS shows a tendency to accept NDP-G, such as ADP-G (Chua et al. 2008) . As shown in Fig. 1a , the sequence alignment implies that residues H565 and V570 in SoSPS1 (corresponding to residues Q648 and N654 in AtSuSy; residues R636 and A642 in NeSuSy; and residues Y355 and H356 in EcGS) play a role in specific substrate preference. The previously reported SPS structure from H. orenii has shown us that residue L324, corresponding to V570 in SoSPS1, is predicted to interact with NDP-G, whereas the other residue corresponding to H565 in SoSPS1 is still not clear. Although these two residues involved with nucleotide sugar are not well conserved, the sequences are considered to have a functional value which is in good agreement with other reports (Sheng et al. 2009; Zheng et al. 2011; Wu et al. 2015; Diricks et al. 2015) .
In addition, subsequent site-directed mutagenesis was directed particularly at V570 to substitute Val to Ala, and our result demonstrated that V570A mutation leads to loss of SPS activity (data not shown). This indicated that Val at 570 in SoSPS1 is an important residue to drive the catalytic mechanism of plant SPS. The sequence alignment in previous report showed that Val residue is highly conserved in other plant SPS sequences and predicted substrate specificity for UDP-G (Chua et al. 2008) . In this report, we did not compare the kinetic properties of mutants for substrate specificity between UDP-G and ADP-G. On the contrary, engineering altered substrate specificity to switch from ADP to UDP has recently been reported in bacterial sucrose synthase for industrial applications. The single, double, and triple mutations of recombinant bacterial SuSy were made at corresponding positions to H565 and V570 in SoSPS1. However, the experiment did not succeed and the substrate preference showed no change, still preferring ADP (Diricks et al. 2015) .
Perspective
Similar to sucrose synthase, plant SPS showed a strong preference for UDP-G as a substrate, as opposed to bacterial SPS, which are predicted to bind ADP-G. In plants, UDP-G and ADP-G are directed to the biosynthesis of sucrose, cellulose, and starch (Salerno and Curatti 2003; Baroja-Fernández et al. 2003) . It is noteworthy that the enzymes involved in nucleotide sugar metabolism are essential to control the regulation of carbon partitioning in plants. This led to the hypothesis that one of the strategies to redesign the regulation of plant sugar metabolism is through substrate binding site engineering of plant SPS. This work is challenging since a crystal structure of plant SPS has not yet been obtained. Identifying the specific residues related to substrate nucleotide sugar by mutagenesis is proposed to overcome the lack of information about functional residues in SoSPS1. Following the analogy of glycosyltransferase group structures, our results have clarified that residues R496, D498, and V570 in SoSPS1 are important for catalysis by plant SPS. Further mutational analysis is required to alter substrate preference and offer new prospects for structural arrangement accommodating UDP-G or ADP-G.
